We developed a methodology for manually establishing tie points of depth-equivalent surfaces in P-P and P-S seismic data volumes derived from a 4-C ocean bottom seismic survey using seismic attribute volumes viewed in time slices. These tie points were used as a basis for establishing interpretations of depth-equivalent surfaces throughout the volumes that were then used as a basis for depth registration of several 2-D sections throughout the volume. We examine the Vp/Vs ratios derived from this interpretation. While these ratios are physically reasonable, they are averaged over several stratigraphic sequences and do not provided enough detail to represent the true interval Vp/Vs values of a given sequence. However, we use these Vp/Vs ratios to correct the interpretation and perform an initial registration of the P-S volume to P-P two-way time. An analysis of the registered, or "warped", P-S volume shows the limitations of this simple technique, and from this we infer what processes must be addressed for a robust method of registration.
Introduction
The work summarized here is part of a larger study undertaken to develop methods of multicomponent data analysis for the detection of gas hydrate prospects in the northern Gulf of Mexico. Methane gas hydrates deposits occur within a narrow window of near ocean-bottom strata extending no more than a few hundred meters below the seafloor, with size and extent dependent on local temperature and pressure conditions in the region. In many regions of North America, including the southern Gulf of Mexico (GOM), Alaska, and the Atlantic and Pacific coasts of the United States, known gas hydrate deposits can be identified on P-wave seismic surveys by a diagnostic bottom-simulating reflector (BSR) at the base of the frozen hydrates. In the northern GOM, gas hydrates do not exhibit the classic BSR. In this region, the known hydrate deposits have no known distinctive seismic signature, but they do tend to be associated with shallow "gas clouds" which show up as no-data or poor-data quality zones on traditional Pwave seismic surveys.
Converted-mode shear waves have already been proven a useful tool for imaging through gas cloud regions (Thomsen et. al, 1997) and specifically in the northern GOM for the purpose of identifying deep targets of interest for oil and gas production (Cafarelli et al, 2000 , Knapp et al, 2001 ). We consider the identification of shallow gas clouds for hydrate detection another possible application for this type of multicomponent seismic data. As part of this study, we introduced the use of a set of multicomponent seismic data designed for deep target exploration as a tool to aid in the identification of possible hydrate prospects and other possible engineering hazards in the upper 1000m of strata across a study region.
It should be noted that this study area of the northern GOM shelf is not itself a candidate for hydrate deposits. Large regional 3-D multicomponent data sets of such environments in the deepwater GOM are not available to us at this time. However, the data provided to us for this study provide an opportunity to demonstrate the utility of multicomponent data for the purpose of analyzing nearseafloor sediments and elastic properties which can be extended to other deepwater environments.
4-C Seismic Data
The data provided us were from a multi-client 4-C ocean bottom cable survey acquired over 46 OCS blocks of East Cameron South, offshore Louisiana in 1999 and 2000, covering approximately 1000km 2 . The survey is located on the continental shelf in water depths of approximately 100m. The data were processed as a pure-mode P-wave (P-P) volume created from vertical geophone velocity and hydrophone pressure data, and as a radially rotated converted shear mode (P-S or C-wave) volume created from the horizontal velocity phones. For more details of the survey design and processing, refer to Knapp et. al (2001) .
We were given a P-P wave volume with an extent of 1s in two-way traveltime, and a P-S wave volume extending to 2s so as to allow us enough data to complete our shallow regional studies and protect the confidentiality of the deeper data currently in use for the location of commercial hydrocarbon prospects.
Establishing an Interpretation Methodology
The data volumes provided for this investigation were processed using time migration algorithms which output the data in native two-way travel time; I.E., the P-P volume has a Z-axis of P-wave travel time, and the P-S volume has a Z-axis of converted mode travel time. The first step of the joint interpretation was to establish a set of depth-equivalent stratal surfaces from which we could register both volumes in depth. One common approach to locating depth-equivalent surfaces in the P-P and P-S volumes is to interpret the data volumes in section view to locate visual ties. If there is significant nonhorizontal structure within the section, or the presence of shallow-angle faults and/or antithetic faulting, this approach may produce a set of tie points with high confidence. There are many such structures at depth in our study region (in areas of commercial interest), but none in our shallow zone of interest. The majority of the sedimentary features are parallel or sub-parallel, showing up on the seismic amplitude sections as a series of horizontal sequences with little distinctive character. Growth faults that do appear in the data are too steep to locate ties better than +/-50ms, deemed unacceptable for this analysis.
Other approaches for establishing time-to-depth ties require the use of additional data, such as a vertical seismic profile or full-waveform sonic logs. No information of this kind was available to us. Additionally, since hydrates occur within a few hundred meters of the ocean bottom and it is not likely that borehole calibration information would be routinely acquired in the region of interest for hydrates, reliance of VSP and log data for time-depth conversion would not be suitable for use with many existing OBS seismic data sets.
The interpretation strategy detailed in DeAngelo et. al (2003) was developed for this study and allows us to establish tie points by analysis of attributes in plan view of time slices. By locating a geologic feature with unique geometry in one volume, we can then scan through time slices of the other volume until we locate the same feature in the same spatial location with a high degree of correlation. In this initial study, these correlations were performed visually by manually searching for an identifiable feature in one volume (P-P or P-S) and locating the equivalent feature at the proper time in the other volume, but it is possible to automate this process. The complex pattern of channels and incised valleys provided enough unique geometry to identify several common points in both data volumes. We began this process using amplitude maps, but this seismic survey was designed for optimal imaging of targets significantly deeper than the shallow zone of interest, and the quality of shallow reflection events was often very poor. In some cases the shallowest data were dominated by processing artifacts and mute patterns. We found the optimal attribute for these P-P to P-S correlations was reflection coherency. Using coherency volumes, we were able to locate enough depth-equivalent tie points to interpret depth-equivalent horizons across the entire extent of the survey (see Figures 1(a) and 1(b) ). Analysis windows of 40ms for P-P data and 80ms for P-S data were used to create these coherency volumes. The accuracy of the tie is directly dependent upon the time thickness of the feature and its resolution. In most cases, we were able to identify ties to within an estimated +/-20ms using the smaller channels and +/-40 ms with the larger valley fills.
Vp/Vs Ratios From Interpretation
After establishing tie points from the time-slice analysis, horizons were then interpreted in the P-P and P-S volumes using traditional 3-D interpretation tools on a workstation.
Using depth-equivalent horizons from the P-P and P-S data, we then calculated Vp/Vs ratios for these sequences and plotted them in a variety of fashions for QC. In this test, we identified four interpretable horizons and included the ocean floor depth (extracted from the seismic data navigation data) to produce four intervals over which we can calculate Vp/Vs, including the shallowest sediments in the near-ocean bottom. If the interpretation has correctly identified depth-equivalent stratal surfaces, the Vp/Vs ratios calculated will represent the true average Vp/Vs ratio over those intervals independently of any a priori velocity information.
The Vp/Vs ratios provide a method to verify the integrity of the interpretation. In the northern GOM, the behavior of Vp/Vs as a generally decreasing function with depth provides a basis for comparison. Also, one can identify very small errors or mispicks in the interpretation when examining the Vp/Vs ratios over the entire survey or in a small subset of it. If, for example, the interpreter picks through a cycle skip, the Vp/Vs ratio calculation will show a diagnostic pattern of an artificial increase/decrease for the package above the mispick, and the opposite (decrease/increase) effect on Vp/Vs for the package below the mispick. Mispicks as small as 2 samples (8ms) in P-P time can manifest as large changes in Vp/Vs in the shallow region where the background Vp/Vs ratios are high (Figure 2) . There is also inherent weakness in this approach to Vp/Vs as a tool for grading the interpretation. In the case of the gas cloud shown in the following registration example (Figure 3) , the interpreter is forced to interpret the P-P horizon through the gas cloud "sags" or force an interpretation; in either case, there is the likelihood that the interpretation may be incorrect. In this case it is preferable to interpret horizons above and below the gas cloud region with the preceding strategy. This will minimize the interval over which Vp/Vs will be estimated incorrectly, and constrain the Vp/Vs ratios above and below the gas cloud.
Simple Warping: 1-D Event Registration
The interpreted depth-equivalent horizons provide a basis for performing a full registration of the P-S data to equivalent Pwave time, a step commonly undertaken to provide images in scales more intuitively understood to experienced interpreters and engineers.
Using a simple algorithm to input the interpreted horizons and seismic data from the P-S volume, we applied a data "warping" function to several 2-D sections selected from the 3-D volume to create P-P time-equivalent C-wave sections. Figure 3(a) shows the P-wave data and Figures 3(b) and 3(c) shows the P-S data before and after warping. Notable features on the sections include a gas cloud on the downthrown side of a growth fault, and a decrease in Vp/Vs on the downthrown side as a result of compaction by overlying sediment.
The warp function itself is a simple interpolation of equivalent time ties between the horizons that are assumed to be exact matches. The function is one-dimensional, calculated independently for each trace and only squeezes the P-S data without lateral movement of the reflection events. It is therefore implied that the time migration algorithms account for all lateral registration of the P-P and P-S data with this strategy. 
Spectral Differences in P-P and P-S Data
One of the widely perceived advantages of shear-wave data over P-wave data is the apparent increase in vertical resolution in the upper section. After compressing the P-S data to an equivalent time scale (Figure 3(c) ), we observe higher bandwidth and a larger number of reflection events in the upper two-thirds of the section. A display of the relative power spectra between each of the interpreted horizons confirms this (Figure 4 ). However, unless we can match each reflection event in the P-P section to its corresponding feature in the P-S section, we cannot calculate Vp/Vs ratios or derive any elastic property that does not represent an averaged value over an interval of two or more lithologic units. In fact, this procedure for registration forces the Vp/Vs ratios to be averaged over intervals determined by the selection of interpreted depth-equivalent horizons. Also note that the gas cloud sags left in the interpreted P-P horizons have now imposed this structure on the P-S data. Within this framework, we must interpret more depth-equivalent horizons to avoid these problems in the future. In order to minimize averaging and correctly register a maximum number of horizons in any two volumes, it is necessary to perform some spectral enhancement process to one or both volumes to match the vertical resolution pre-interpretation and/or postregistration. 
Conclusions
Using 4-C ocean bottom seismic data, it is possible to derive average elastic properties of the near-ocean bottom sediments by performing a joint interpretation of P-P and P-S seismic data. Establishing depth-equivalent tie points is extremely difficult in section view, and it is preferable to search for ties by correlating images of seismic attributes in plan view by searching time slices or horizon slices if preferred. Depth equivalent horizons can then be interpreted from these tie points, and it is possible to calculate average Vp/Vs ratios from these horizons to validate the interpretation. Interpretation and depth registration are interdependent operations that can be iterated to achieve optimum results. Differences in spectral content between P-P and P-S data should be minimized to achieve accuracy and limit the averaging of elastic properties over the interval of interest.
